Primary hyperparathyroidism (PHPT) is a common endocrine disorder in adults in whom the typical presentation is incidentally discovered as asymptomatic hypercalcemia. PHPT is much less common in children and adolescents, but has greater morbidity in this age group, as most young patients with PHPT will have symptomatic hypercalcemia or complications such as kidney stones, abdominal pain, and skeletal fragility. An important feature of PHPT in younger patients is the relatively high prevalence of germline inactivating mutations of the CASR gene, which encodes the calcium-sensing receptor. Biallelic CASR mutations cause neonatal severe hyperparathyroidism, a life-threatening condition that presents within days of life with marked hypercalcemia, respiratory distress, failure to thrive, and skeletal demineralization. By contrast, more common heterozygous CASR mutations are generally associated with a benign variant of PHPT termed familial hypocalciuric hypercalcemia. Appropriate management of PHPT in children and adolescents requires distinction between familial hypocalciuric hypercalcemia, which generally requires no specific treatment, and other forms of PHPT that are best treated by parathyroidectomy.
Introduction
Parathyroid hormone (PTH) is the principal calciotropic hormone, and its secretion from the parathyroid glands is tightly controlled by ambient concentrations of extracellular ionized calcium. PTH secretion is increased by hypocalcemia, and decreased by hypercalcemia, through interaction of ionized calcium with calcium-sensing receptors (CaSR) that are located on the plasma membrane of parathyroid cells. The hallmark of primary hyperparathyroidism (PHPT) is hypercalcemia, which results from the excessive secretion of PTH by one or more of the four parathyroid glands. PHPT occurs as a result of a specific defect in a parathyroid gland. Thus, PHPT is fundamentally distinct from secondary hyperparathyroidism, in which increased secretion of PTH is an adaptive response to low serum levels of calcium or vitamin D. Although serum levels of calcium and PTH are both elevated in patients with tertiary hyperparathyroidism, this condition reflects a maladaptive response to antecedent hypocalcemia or vitamin D deficiency.
Our understanding of the natural history and pathophysiology of PHPT has been informed by two revolutionary events. First, the introduction of the multichannel autoanalyzer in the early 1970s enabled inexpensive and accurate biochemical measurement of many serum analytes, and encouraged routine biochemical screening of healthy adult patients. The subsequent widespread application of biochemical screening unexpectedly disclosed that large numbers of patients had asymptomatic hypercalcemia.
Second, a sensitive and reliable immunoassay for intact PTH (iPTH) was commercialized in the 1980s. This assay provided the ability to reproducibly distinguish elevated circulating concentrations of iPTH from normal concentrations. Together, these two laboratory advances transformed PHPT from a rare clinical disease associated with significant morbidity to a common biochemical disorder in which most affected patients have few signs or symptoms of excess PTH or hypercalcemia.
1e5 PHPT currently is recognized as the third most common endocrine disorder in adults. PHPT is most common in patients who are between the ages of 50 and 60 years, and has an annual incidence of 30 cases per 100,000 patients, with a lifetime prevalence of approximately 1 per 1000 persons. Females outnumber males with PHPT by an approximate 3:1 ratio.
In contrast with the clinical profile of PHPT in adults, PHPT is uncommon in infants and children, with an incidence estimated at only 2-5 in 100,000 and without an apparent sex predilection (Tables 1 and 2). 6e8, 10,13e18 Remarkably, PHPT is clinically symptomatic in most young patients, who typically present with signs or symptoms of hypercalcemia, skeletal complications, and/or nephrolithiasis. Few if any young patients with PHPT are discovered incidentally to have asymptomatic hypercalcemia. It is unlikely that ascertainment bias, due to infrequent biochemical testing of children and adolescents, can explain the absence of asymptomatic PHPT in younger populations, as PHPT remains uncommon as late as the fourth and fifth decades of life, a time when adults begin to undergo routine biochemical screening. Therefore, we propose that there must be biologic differences that account for the distinct differences between PHPT in young and older patients.
Prior to 1984, fewer than 150 children with PHPT had been described in the literature. 6 However, over the past 30 years several large pediatric case series were published that increased the number of reported cases of PHPT in this age group to more than 300. 7e18 The largest of the primary studies in this area comprises 55 patients, of whom 11 were infants with PHPT and 44 were young children or adolescents with PHPT. 13 The largest study focusing solely on childhood and adolescent PHPT includes 52 patients. 12 Although these different reports vary in the clinical characterization of PHPT, our systematic analysis of these series reveals a consistent description of the important features of pediatric PHPT.
Etiology of pediatric PHPT
Genetic syndromes that are associated with multiple abnormal parathyroid glands may account for 5-15% of all cases of PHPT, and are relatively more common in patients younger than 40 years than in older patients. 19 A growing number of gene defects have been associated with PHPT, and in many cases germline or somatic mutations in the same gene can induce development of either multiple or single parathyroid adenomas, respectively. In addition, radiation exposure increases the risk of developing PHPT. The association between radiation exposure, either during childhood or adulthood, and subsequent development of PHPT in later years has been well established. 20, 21 By contrast, there is only a single report of childhood PHPT occurring in association with previous therapeutic radiation exposure. 22 We reviewed selected features of PHPT in different pediatric age groups, described in the following sections.
Neonatal severe hyperparathyroidism and familial hypocalciuric hypercalcemia
PHPT can present within the first few days of life as neonatal severe hyperparathyroidism (NSHPT; Online Mendelian Inheritance in Man [OMIM] 239200) an uncommon disorder that is associated with severe metabolic bone disease and often life-threatening hypercalcemia (greater than 20 mg/dL). The diagnosis of NSHPT is based on the presence of elevated PTH levels along with relative hypocalciuria in an infant with hypercalcemia. A family history of early-onset hypercalcemia in a sibling or parent can provide strong confirmation of the diagnosis. Care must be taken to distinguish these disorders from the transient neonatal hyperparathyroidism associated with maternal hypocalcemia, as seen in mothers with severe vitamin D deficiency or hypoparathyroidism. In all cases that have been analyzed, NSHPT has been associated with inactivating mutations in the CASR gene (http://www.casrdb.mcgill. ca/) located at 3p13.3 (OMIM 601198). The CASR gene encodes CaSR, which is a member of family C of the heptahelical G-protein-coupled receptors (GPCRs) that also includes the metabotropic glutamate receptors (mGluR), g-aminobutyric acid (GABA)B receptors, and many olfactory, pheromone, and taste receptors (www.GPCR.org). The CaSR is widely distributed throughout the body, but its principal function appears related to regulation of calcium homeostasis through its expression on the plasma membranes of parathyroid and renal tubule cells. Activation of the parathyroid CaSR by extracellular ionized calcium (Ca 2þ ) inhibits secretion of PTH, while in the distal renal tubule cells receptor activation leads to enhanced urinary excretion of calcium.
In most cases, neonates with NSHPT have inactivating mutations on both CASR alleles, which results in a complete or near-complete absence of functional CaSRs on parathyroid and other cells in the body. The loss of calcium sensing leads to parathyroid hyperplasia and increased PTH secretion as well as decreased renal excretion of calcium, and consequently severe hypercalcemia ensues. Some infants with NSHPT have been described who possess only a single defective CASR allele. In these cases the mutant CASR was inherited from an affected father or arose as a de novo mutation. Presumably, exposure of the affected fetus to normal maternal calcium concentrations intensifies development of hyperparathyroidism in utero and leads to severe hypercalcemia after birth. 23e27 Other NSHPT infants with monoallelic CASR mutations have de novo or paternally inherited CASR missense mutations that replace the normal arginine at codon 185 with a glutamine residue (R185Q). 26,28e30 The R185Q mutation is particularly significant because it acts as a dominant inhibitor, thereby suppressing function of the normal CaSRs that are produced by the wild type CASR allele.
Although heterozygous CASR mutations can cause NSHPT, monoallelic mutations are more commonly associated with a relatively asymptomatic form of PHPT that has been termed familial hypocalciuric hypercalcemia (FHH), sometimes also termed benign familial hypercalcemia (FHH/HHC1; OMIM 145979). FHH is therefore genetically related to NSHPT and its mildness is thought to represent a dose affect of the inactivating CASR mutations. Hence, FHH is typically an autosomal dominant condition, 31, 32 although very mild CASR mutations have been associated with an autosomal recessive form of FHH. 33 In both FHH and NSHPT, hypercalcemia arises due to decreased calcium sensing in the parathyroid glands, the kidney, the skeleton, and perhaps other tissues. 34 Specifically, lack of calcium-mediated signaling leads to enlargement of all four (or more) parathyroid glands and either modest (FHH) or markedly (NSHPT) increased secretion of PTH. Concurrently, the fractional renal clearance of calcium (FeCa) is reduced to less than 1% due to the loss of CaSR action in the distal renal tubule. Increased circulating concentrations of PTH act on the kidney and skeleton to increase serum calcium. This effect, combined with decreased renal calcium clearance and possibly decreased secretion of calcitonin, leads to the development of severe hypercalcemia and metabolic bone disease in NSHPT and only mild (and generally asymptomatic) hypercalcemia in FHH. 35 
Childhood/adolescent PHPT
Childhood/adolescent PHPT is associated with either single parathyroid adenomas or multiple adenomas (so-called parathyroid hyperplasia). In many cases the precise molecular defect can be identified, and is either a somatic mutation that is limited to the parathyroid adenoma or a germline mutation that was inherited or arose de novo in the parathyroid gland. Thus, the etiology of PHPT includes (1) multigland hyperplasia resulting from germline mutations in the MENIN, RET, and CDKN1B (encoding p27Kip1) genes; (2) single parathyroid adenomas that represent monoclonal neoplasms, many of which are associated with somatic mutation in MENIN or PRAD1; and (3) distinct parathyroid adenomas due to germline or somatic mutations in HPRT2 (CDC 73) and which have a predisposition to parathyroid carcinoma (Table 3) .
FHH must be distinguished from other forms of PHPT in this age group, because FHH is usually an asymptomatic condition and is managed differently from true PHPT. In contrast with most patients with PHPT, patients with FHH have circulating concentrations of PTH that are normal or only slightly elevated. However, in the presence of hypercalcemia such concentrations are inappropriately high and indicate that the set-point of the parathyroid calciostat regulating PTH secretion functions at a higher than normal level (see previous paragraph). The hypercalcemia and hypophosphatemia are similar in magnitude to those found in mild cases of PHPT. Most patients have no symptoms attributable to the hypercalcemia, although it is rare that patients experience mild muscle weakness and easy fatiguability. In contrast with patients with PHPT, patients with FHH tend to have elevated plasma levels of magnesium. The key diagnostic feature of FHH is the very low (i.e. generally less than 1%) fractional excretion of calcium (FeCa) by the kidney. However, normal or even elevated urinary calcium excretion has been described in members of several FHH kindreds, 36, 37 and hypocalciuria can be present in some patients with common PHPT who also have vitamin D insufficiency. Therefore, hypocalciuria is not an absolute criterion. The urinary calcium excretion is usually less than 100 mg/24 hour (25 mmol/24 hour), in contrast with true PHPT, where it is usually greater than 120 mg/24 hours. The plasma level of calcitriol in FHH is usually in the midnormal range in contrast to a tendency to elevated levels in PHPT. Further confusion between FHH and PHPT derives from recent reports of the development of classic parathyroid adenomas and symptomatic PHPT in some teens and adults with FHH, however. 38, 39 Multiple endocrine neoplasia, or MEN1 (OMIM 131099), is the most common cause of inherited PHPT. PHPT is present in more than 90% of patients, and diffuse hyperplasia or PHPT is relatively uncommon in MEN2a (OMIM 171399), occurring in only 20-30% of patients, and almost never occurs in MEN2b (OMIM 162299). Generally all four parathyroid glands are affected, but metasynchronous or asynchronous parathyroid involvement is common. PHPT is usually diagnosed after the third decade of life, and although it can occur in children this is a rare finding. PHPT is less severe in MEN2a than in MEN1. The highest prevalence of PHPT occurs in patients who carry the codon 634 RET gene mutation. Medullary thyroid carcinoma is the most common feature of MEN2a, occurring in more than 90% of patients. Pheochromocytoma occurs in approximately 50% of patients.
Germline mutations of the HRPT2 gene cause the hyperparathyroidism-jaw tumor (HPT-JT) syndrome (OMIM 145010). 40, 41 HPT-JT is an uncommon autosomal dominant syndrome characterized by PHPT due to parathyroid adenomas and fibro-osseous lesions of the maxilla and mandible. Patients with HPT-JT may also develop other manifestations including renal tumors and cysts and uterine tumors. The syndrome typically develops in late adolescence or early adulthood. Parathyroid tumors, most often single adenomas, occur in up to 95% of patients with HPT-JT. Parathyroid carcinoma occurs in approximately 15% of cases. Some patients with familial isolated PHPT also have HRPT2 mutations.
Interestingly, somatic mutations in some of the genes implicated in multiglandular PHPT (MENIN, HPRT2, and CDKN1B) can cause solitary parathyroid adenomas when they occur as somatic mutations. This occurrence serves to emphasize that the histologic distinction between parathyroid adenoma and parathyroid hyperplasia may not be real, and certainly is not useful in predicting single versus multiple gland disease as both variants can arise from the same mutation.
Pathology
In most cases, PHPT will result from a single benign parathyroid adenoma (90%); multiple adenomas occur rarely (approximately 2-4%). Involvement of all four parathyroid glands, so-called parathyroid hyperplasia, occurs in approximately 10% of patients, but may be metasynchronous or asynchronous. Parathyroid carcinoma is exceedingly uncommon (less than 1%).
Neonatal severe hyperparathyroidism and familial hypocalciuric hypercalcemia
Traditionally, the abnormal parathyroid glands in NSHPT and FHH have been described as hyperplastic, but this characterization may have been based on enlargement of all four (or more) glands rather than specific histologic features. The abnormal glands are benign tumors.
Childhood/adolescent PHPT
Most cases of childhood/adolescent PHPT, like adult PHPT, are associated with a single parathyroid adenoma (196 of 213; * Most of these cases occurred in series where the patients MEN1 or MEN2a genotype was not reported; it is likely that most of these cases fall into these two categories. However, in the series by Kollars et al, they found three cases of apparent primary hyperparathyroidism. It is possible that these are somatic mutations, or represent misdiagnosed tertiary hyperparathyroidism. HPT ¼ hyperparathyroidism; MEN ¼ multiple endocrine neoplasia; NA ¼ not applicable. 92%; Table 4) . 6,8e10,12e18 Patients with multigland disease usually have germline mutations associated with genetic syndromes such as MEN1 and MEN2a as well as familial hyperparathyroidism. In nearly all cases, including children with HPT-JT syndrome, the parathyroid tumors are benign. Parathyroid carcinoma occurs in fewer than 1% of parathyroid tumors in adults, 42 and is usually associated with either somatic or germline mutations in HPRT2 (CDC 73). 43 
Clinical features/complications

Neonatal severe hyperparathyroidism
The clinical features of NSHPT include failure to thrive, hypotonia, respiratory distress, and prominent skeletal involvement. Serum levels of intact PTH and calcium are markedly elevated, and marked bone demineralization or fractures are present at birth or soon thereafter. Hypercalcemia often requires urgent intervention.
Three series of patients with NSHPT have been published. 6, 13, 44 Of these series, two studies are compilations of previously published patients 6, 44 and Mallet's series 13 is a primary study. At diagnosis, the most common clinical characteristics in patients described in these series (Table  5) 12,13 were skeletal abnormalities (82%), followed by hypotonia (55%) and failure to thrive (43%).
Childhood/adolescent PHPT
As described previously, childhood/adolescent PHPT often presents with vague symptoms. These symptoms usually include bone pain and abdominal pain. In recent series, however, almost 15% of patients have lacked symptoms at the time of diagnosis, with PHPT diagnosis following incidentally discovered hypercalcemia (Table 6) 7e18 . Despite this group of patients reportedly having few or no symptoms, most of these patients showed skeletal (88 of 117; 75%) or renal (60 of 134; 45%) pathology (Table 7) 7,9,12e14,16 . Biochemically, these patients manifest hypercalcemia, hypophosphatemia hypercalciuria, and either elevated or inappropriately normal concentrations of iPTH (Table 8) 7e18 . In contrast with adult PHPT, in which an approximate 3:1 female predominance occurs, sex distribution appears to be nearly equal in pediatric PHPT (Table 2 ).
Ascertainment and diagnosis
The critical biochemical features of PHPT are an elevated (or inappropriately normal) level of serum iPTH in the context of a high-normal or elevated serum calcium concentration. FHH and NSHPT are characterized by very low urinary calcium excretion (fractional excretion of calcium (FeCa) of less than 1%), 45e48 whereas other forms of PHPT usually have higher levels of urinary calcium (FeCa greater than 1%). Urine levels of calcium can be low in some patients with PHPT, particularly when there is coexisting vitamin D insufficiency. Many patients with FHH or NSHPT will also have an affected first-degree relative.
Both NSHPT and PHPT in childhood/adolescence usually present with clinically significant morbidity; patients with FHH are generally asymptomatic and a diagnosis is made either on the basis of an affected family member or the serendipitous discovery of mild hypercalcemia during biochemical screening for an unrelated condition. In NSHPT the symptoms are often vague and include failure to thrive, respiratory distress, or severe metabolic bone disease. Patients with childhood or adolescent PHPT tend to have signs or symptoms of hyperparathyroidism or hypercalcemia at the time of initial presentation, with our assessment of recent publications (summarized in Table 6 ) indicating that only approximately 15% of patients are asymptomatic. By contrast, more than 80% of adults with PHPT are asymptomatic. 49 Classically, the symptoms reported by children or adolescents with PHPT are conveniently recalled using the phrase "stones, bones, abdominal groans, thrones, and psychiatric overtones." These terms refer to kidney stones, metabolic bone disease (reduced bone density, fractures, or rarely osteitis fibrosa cystic), abdominal pain (due to gastric hyperacidity, pancreatitis, or constipation), polyuria, and cognitive or psychiatric dysfunction. However, pediatric case reports also describe a wide range of additional vague or nonspecific features.
The biochemical features of pediatric PHPT mirror those of the adult form; patients have hypercalciuria, hypercalcemia, hypophosphatemia, and either inappropriately normal or elevated iPTH concentrations in the context of hypercalcemia. In recent large studies investigating the changing biochemistry of PHPT in adults, the serum calcium, serum ionized calcium, and serum PTH concentrations at presentation for surgery were 2.8 mmol/L (normal range 2.1-2.6), 50 1.45 nmol/L (normal range 1.15-1.2), and 103 pg/mL (normal range 15-65), respectively. 51 For comparison, in the studies reviewed here, the average serum calcium, serum ionized calcium, and serum PTH concentrations at presentation in children and adolescents were 3.27 mmol/L (n ¼ 226, normal range 2.1-2.6), 1.56 nmol/L (n ¼ 59, normal range 1.15-1.2), and 200 pg/mL (n ¼ 156, normal range 10-70), respectively. The increased magnitude of deviation from the normal range observed in childhood and adolescent PHPT biochemical measurements is consistent with the idea that PHPT is more severe in children and adolescents than in adults.
Management and outcome
Neonatal severe hyperparathyroidism
Early surgical intervention with subtotal parathyroidectomy was the standard treatment of NSHPT before the invention of potent intravenous bisphosphonates. 52 Although surgery remains curative for this disease, however, total resection of all enlarged parathyroid glands leads to hypoparathyroidism. Evidence suggests that in many cases of NSHPT surgery can be postponed or obviated through the use of intravenous bisphosphonates to reduce serum calcium. 29, 52 An alternative that has reported with less success is treatment with a calciumpoor diet concurrent with close biochemical monitoring. Interestingly, recent studies in a single adolescent 53 and in adult patients 54 with PHPT have shown that mild hypercalcemia can be managed using type II calcimimetic compounds. Although type I calcimimetics are direct receptor agonists, type II calcimimetics (such as cinacalcet) are allosteric modifiers that reduce the threshold for CaSR activation by Ca 2þ by increasing the affinity of the receptor for calcium. Recent case reports suggest a role for these agents as medical alternatives or adjuncts to surgery or bisphosphonates to control hypercalcemia in neonates and infants with NSHPT due to heterozygous inactivating mutations of the CASR gene. 28, 30 Although calcimimetics are able to control hypercalcemia, the long-term effects of these agents on skeletal integrity remain unknown. Some studies of these compounds in experimental animal models of hyperparathyroidism imply that calcimimetics may contribute to structural bone disease despite normalizing serum calcium and PTH concentrations. 55, 56 6.2. Childhood/adolescent PHPT Surgery is curative in most pediatric and adult patients with PHPT, although patients with MEN1 will usually require more than one surgery when initial parathyroidectomy is conservative (Table 9) 7,9e16 . The preoperative identification of a single parathyroid adenoma, usually by 99 m Tc-sestamibi scan or neck ultrasonography, allows consideration of minimally invasive parathyroid surgery instead of a conventional bilateral neck exploration. Sestamibi is absorbed faster by a hyperfunctioning parathyroid gland than by a normal parathyroid gland. Moreover, sestamibi is retained by an abnormal parathyroid gland for a longer period of time than by the surrounding normal thyroid tissue. Uptake of sestamibi correlates with the number and activity of the mitochondria within the parathyroid cells. Hence, chief cell parathyroid adenomas have a very high avidity for sestamibi, whereas oxyphil/clear cell parathyroid adenomas have almost no imaging quality at all with sestamibi. Approximately 60-80% of parathyroid adenomas can be identified by sestamibi scanning. Specific limitations to success include multiglandular parathyroid disease and a small parathyroid adenoma. The use of single-photon emission computed tomography (three dimensional) as an adjunct to planar methods appears to increase sensitivity and accuracy, especially in cases of small parathyroid adenomas or adenomas that are located in ectopic sites. In most centers, minimally invasive parathyroid surgery is performed using intraoperative measurement of PTH levels to confirm successful parathyroidectomy.
Outcomes
Neonatal severe hyperparathyroidism
Descriptions of NSHPT that were published before the introduction of automated methods for measurement of serum calcium in 1984 reported mortality rates of approximately 50% (Table 10) 6,13 . In fact, almost half of these deaths, or 25% of total reported cases, occurred in infants who did not have a diagnosis of hypercalcemia prior to death. By contrast, the most recent series on NSHPT report no mortality among patients with NSHPT. 13 Thus, improved outcomes in NSHPT have resulted from the availability of simple assays for serum calcium, and the common practice of measuring serum calcium concentrations in infants who are failing to thrive. In neonates of parents with FHH, early screening of serum calcium allows rapid diagnosis and early initiation of treatment. A mutation in the CASR gene is the cause of most cases of NSHPT, 23e27 and was identified in 75% of infants with neonatal PHPT reviewed here.
Childhood/adolescent PHPT
Parathyroidectomy is the treatment of choice in children with PHPT. Because PHPT is generally more severe in this age group, children are at significant risk of postoperative hungry bone syndrome (approximately 50%) and acute hypocalcemia ( Table 9 e nearly 50%). In addition, some patients will develop either persistent hypocalcemia (2%) or hypercalcemia (3%). Finally, although bone mass improves significantly in adults after successful parathyroidectomy, 57 ,58 similar studies in pediatric patients with PHPT are lacking.
In conclusion, PHPT is far less common in the pediatric population than in the adult population, and likely constitutes less than 5% of all cases of PHPT. 10 PHPT appears to be a more aggressive disorder in children than in adults, in whom most cases currently are incidentally ascertained by routine biochemical screening. In the context of hypercalcemia and suspicion of PHPT, it is important to exclude the diagnosis of FHH, as patients with this disorder will generally not benefit from surgical intervention. When surgical management is indicated, we recommend that parathyroidectomy be performed in a large-volume center by an experienced surgeon to enhance the probability of cure. Table 9 Postoperative complications (reported in 9 of 11 studies, n ¼ 161). 
